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Passive components are used to propagate or manipulate electromagnetic waves. Typical examples in the millimeter to terahertz frequency range are waveguides, horn antennas, tapers, mirrors, miter bends, directional couplers, diffraction structures, etc. Reflective metallic surfaces of components are smooth or corrugated. In the latter case, corrugations act as diffraction structures with dimensions that scale with the electromagnetic wavelength. When working at frequencies reaching the upper limit of the millimeter wave range, at 300 GHz or higher, the manufacturing of passive components becomes challenging and often costly when relying on techniques such as conventional machining and/or electro-forming. The latter technique being limited by its complex procedures while conventional machining can no longer be employed when physical dimensions of the components get small compared to machining tools such as chasers. 1 The upper limit of the millimeter wave range, merging with the terahertz frequency range, is a frontier area for research in physics, 2 astrophysics, 3 plasma physics, 4 chemistry, 5 material science, 6 biology, 7 and medicine. 8 This growing interest motivates a strong effort to develop the necessary technology to implement new experiments, techniques, and applications.
In this note, we introduce metal-coated polymers shaped by 3D stereolithography as a new construction method for passive components for millimeter to terahertz electromagnetic waves (patent pending).
Compared to previous work, 9 the employed technique allows the coating of closed complex surfaces such as in corrugated antennas, ortho-mode transducers, etc.
By using 3D stereolithography, computer-aided drawings can be converted directly into solid 3D objects without intermediate steps. 10 These objects are created in polymeric non-conductive materials. The surfaces requiring the reflection and scattering of the electromagnetic signals have therefore to be metal-coated in a second step. 11 Nowadays, the accuracy of stereolithography techniques can reach nanometric scales in small volumes of few cubic micrometers. 12 By reducing the manufacturing accuracy, microwave and the terahertz wave components occupying volumes on the order a) Electronic mail: emile.derijk@epfl.ch. of 10 dm 3 can be manufactured using commercially available 3D printers. With these, the accuracy of 3D stereolithography can be roughly estimated taking into account the fluctuations of the laser beam profile used in the manufacturing process. The accuracy of the process in three dimensions (XYZ) for objects with dimensions of several centimeters is of the order of ±20 μm in the XY-plane and ±50 μm in the Z-direction. 10 This manufacturing accuracy is sufficient to obtain a large variety of passive components for millimeter, submillimeter, and possibly terahertz waves applications. In this note, the plastic objects obtained by 3D stereolithography are metal coated by using an electroless plating (ELP) technique. 13 This metallization technique has become increasingly attractive because of its simplicity and low cost. ELP is a chemical process employed for the metallization of non-conductive substrates, such as plastics, glasses, and ceramics, without the use of external fields. First, the nonconductive surfaces are activated by a deposition of cationic metallic ions, thereafter the activated surfaces are coated in a solution containing a gold salt. Typical deposition rates for the gold coating process amount to a few hundreds of nanometers per hour, which made it possible to reach gold coating thicknesses on the order of 1 μm. For a conductive layer to be highly reflective, it has to have a thickness over at least three times the skin depth, Eq. (1), at that particular frequency γ . With the magnetic permeability and the resistivity of gold:
, we see that the golden coating thickness necessary for components operating above 50 GHz is smaller than 1 μm,
To test the robustness of this manufacturing technique, several passive components have been built using this 3D stereolithography. The following paragraphs expose these components and their characteristics. is a conventionally machined in aluminum, the other one being a metal-coated plastic mirror. In the experiments, a linearly polarized Gaussian beam at 140 GHz is shined upon the flat corrugated mirror with an incidence angle of 30
• . The mirror can be rotated, without changing the incidence angle of beam, while the angle between the incident beam's linear polarization and the mirror's corrugations is changed. This rotation is used to modify the interference conditions upon reflection on the mirror and control the orientation of the linear polarization of the beam, Fig. 1(b) . The reflected beam is measured by using a fundamental TE 10 rectangular waveguide antenna mounted on a Schottky diode detector, collecting a small portion of the reflected fields. The Schottky diode output dc voltage is proportional to the field intensity associated with the electric field component determined by the orientation of the fundamental TE 10 waveguide. Figure 2 shows this experimental characterization of the beam reflected by the polarizers. Relative maxima in the measured beam intensity, panel 2(a), indicate the orientations of the mirror's corrugations for which the incoming linear polarization orientation is preserved after reflection, resp., relative minima indicate that the incident linear polarization orientation rotated by 90
• after reflection. On panel 2(b), the same measurement is reported when the TE 10 waveguide used for detection is rotated by 90
• , thus measuring the intensities of the orthogonal polarization. The behavior of the mirrors built by metal-coated plastics is shown to be quasi-identical to that of the conventional machined aluminum mirrors. The data conform very well with the results of electromagnetic simulations. 15 As a second validation of this manufacturing concept, we manufactured a 15 cm diameter quadratic phase correction mirror for electron cyclotron resonance heating plasma heating applications. This mirror has an astigmatic spherical shape. It is used to modify the profile of an incident free space propagating beam upon reflection. For the experiments presented here, the incident beam at 170 GHz is launched from a Gaussian optics lens antenna (GOLA) attached to a standard, 63.5 mm diameter, corrugated aluminum waveguide. The beam has an incidence angle of 10
• upon the phase cor- rection mirror. The beam spot size (transverse to its propagation) after reflection is measured experimentally using a Schottky diode detector mounted on a robot for systematic spacial sampling. The experimental results are compared to the theoretical predictions in Fig. 3 . Theoretical predictions are based on an ideal HE 11 mode generated at the output of the GOLA antenna which is numerically propagated 16 and reflected onto the phase correction mirror.
As a further test of the flexibility of the technique, a smooth wall horn antenna for an electron cyclotron diagnostic system at 92.5 GHz is presented. The horn is specifically designed to reduce side lobes of the beam it radiates while increasing its directionality. The internal shape of the horn antenna 17 is given by Eq. horn axis z,
α is a parameter that controls the slope, k the wavenumber, L = 48 mm the total horn length, and a 1 = 1, 6 mm the the cut-off radius. A picture of the horn is shown in Fig. 4(left) . A beam intensity measurement on a cross section of the beam 10 cm from the horn's exit is shown in Fig. 4(right) . A detailed analysis of the experimental data and comparison to simulations is underway in order to validate the horn design.
In addition to mirrors and antennas, for millimeter to THz waves, corrugated HE 11 transmission lines must be used in order to propagate signals with the highest fidelity and lowest losses. In a previous work, we demonstrated the possibility of forming this corrugation by stacking rings. 18 As a perspective, tests are ongoing to realize such corrugations by 3D stereolithography.
The technique described in this note shows the ability to build entirely modular transmission lines using 3D stereolithography in conjunction with a surface metal coating. In summary, the examples shown in this note validate the idea of using 3D stereolithography with electroless plating to make components for millimeter waves and THz technology, opening the way to a cost-effective production with unprecedented design flexibility and short manufacturing times.
